In recent years, excellent progress has been made in identifying the neural circuit that supports short-term memory for visual object information as measured in visual object recognition paradigms. In monkeys, cortical visual processing of object recognition is assumed to be organized as a set of hierarchically connected cortical regions, including the peristriate cortex, posterior inferior temporal cortex (TE O ), inferior temporal cortex (TE 3 , TE a , TE m ), anterior temporal cortex (TE 1 , TE 2 ), perirhinal cortex, and entorhinal cortex. All these areas have been shown to play some role in memory for visual object information (Ungerleider and Mishkin 1982; Horel et al. 1987; Martin-Elkins et al. 1989; Gaffan and Murray 1992; Meunier et al. 1993; Eacott et al. 1994) .
The major emphasis in recent years has been on determining the role of the rhinal cortex (perirhinal and entorhinal cortex) in memory for visual object information. The rhinal cortex in monkeys is essential for mediation of visual object recognition memory. This conclusion is based on the observation that rhinal cortex lesions produce a severe deficit in visual recognition memory on a delayed match or nonmatch-to-sample task (Horel et al. 1987; Zola-Morgan et al. 1989; Gaffan and Murray 1992; Meunier et al. 1993; Eacott et al. 1994; Buffalo et al. 1999) . Because perirhinal cortex lesions are sufficient to produce this visual object recognition memory deficit (Meunier et al. 1993; Gaffan 1994; Buckley et al. 1997 ) and entorhinal cortex lesions only produce transient effects (Leonard et al. 1995) , it appears that the perirhinal cortex is essential for visual object recognition memory. On the basis of anatomical evidence, a similar hierarchical organization has been uncovered in the rat between primary visual cortex and medial and lateral extrastriate visual cortex, temporal (TE 2 ) cortex, and perirhinal cortex (Deacon et al. 1983; Miller and Vogt 1984; Coogan and Burkhalter 1990; Sanderson et al. 1991; Vaudana et al. 1991) . The medial extrastriate visual cortex has been identified as an important substrate in mediating memory for visual object information . Another important area might be the TE 2 area of the temporal cortex and perirhinal cortex, because Kolb et al. (1994) , Davis and McDaniel (1993) , and Mumby and Pinel (1994) have shown that lesions of these areas produce a deficit in a visual matching-to-sample task. Previous research in which nonmatching-to-sample procedures were used has indicated that lesions of the perirhinal cortex in the rat also disrupt visual recognition memory (Kolb et al. 1994; Mumby and Pinel 1994; Ennaceur et al. 1996; Aggleton et al. 1997; Barnes et al. 2000) . In most of the abovementioned studies, perirhinal cortex lesion in rats included, in addition to the perirhinal cortex, the lateral entorhinal cortex. It was therefore deemed important to reexamine the role of the perirhinal cortex by comparing the effects of lesions of the perirhinal cortex with lesions of the medial entorhinal and lateral entorhinal by using a continuous recognition memory paradigm. Medial and lateral entorhinal cortex were made separately based on their anatomical connections with the hippocampus and other brain regions (Witter et al. 1989 ) and based on the observation that the contribution of the lateral and medial entorhinal cortex to recognition memory for spatial information can be dissociated (Kesner and Giles 1998) . The continuous recognition memory task involves sequential presentation of 12 threedimensional objects, within one session, all of which have been selected from a set of 120 objects. From the 12 objects, 8 were novel and 4 of the 8 were presented twice. Repeated objects had lags ranging from 0 to 4 (from 0 to 4 different objects were presented between the first and the repeated presentation). Rats were reinforced for approaching the novel object, but they were not reinforced for approaching a repetition. Rats learn this task quickly and show significantly longer latencies to approach and move the repeated compared with the novel objects. Furthermore, the shorter the lag, the greater the latency difference. In previous research using this task, it has been shown that visual object continuous recognition memory is not affected by hippocampal lesions (Jackson-Smith et al. 1993) .
RESULTS

Histology
Histological analysis of the perirhinal cortex lesions (Fig. 1) revealed that there was extensive bilateral damage to perirhinal cortex extending ∼4.5 mm in the anterior-posterior plane. There was also damage to TE 2 cortex in half of the subjects but no damage to entorhinal cortex. In all subjects, there was damage to TE 1 and TE 3 cortex. In three of the eight subjects, there was damage to the parietal cortex. Further quantitative analysis revealed that damage to the anterior perirhinal cortex ranged from 19.3% to 71.1%, whereas damage to the postrhinal cortex ranged from 15.0% to 65.9 % (see Table 1 ). According to Burwell et al. (1995) , the postrhinal cortex includes the perirhinal cortex from −7.5 to 9.0 posterior to bregma, according to the Paxinos and Watson (1986) atlas. Kesner et al.
Histological analysis of the lateral entorhinal cortex lesions (Fig. 2) revealed primary damage to the lateral entorhinal cortex (a range of 53.3%-82.2%) as well as significant damage to the postrhinal cortex (a range of 32.5%-67.8%), but no damage to the anterior rhinal cortex and only mild damage to the ventral hippocampus (see Table 2 ).
Histological analysis of the medial entorhinal cortex lesions (Fig. 3) included prominent damage to the medial entorhinal cortex (a range of 75%-100%), parasubiculum, and presubiculum as well as some ventral hippocampal and subiculum damage, but no damage to the anterior or posterior perirhinal cortex (see Table 3 ).
Continuous Recognition Memory
The mean number of acquisition sessions required for each of the surgical groups ranged between 47.4 and 65.8. The mean number of training sessions was 65.8 for the control group, 47.4 for the perirhinal cortex group, 52.5 for the lateral entorhinal cortex group, and 49.2 for the medial entorhinal cortex group. The groups did not differ significantly from each other in the number of trials to acquisition.
The data for the last block of 16 sessions before surgery and the first and second block of 16 sessions after surgery, with 12 observations per lag, are shown in Figure 4 for each of the lesion groups. Mean difference scores were derived by subtracting the latency to move an object on the first presentation (go condition) from the latency on the second presentation of the same object (no go condition). A large difference score resulted when the rat moved the object slower on a repeated presentation, or when the rat did not move the object at all for 10 sec (the time limit) and indicated recognition of the object as well as knowledge of the rule (repeated presentations do not contain food). To assess the reliability of the latency scores, we had five raters score one series of videotaped recordings of one session with four different animals. The within-session reliability was r = 0.99. Figure 4 indicates that the only lesion group that showed a sustained postsurgical deficit was the group with perirhinal cortex lesions.
With respect to baseline responding in nonrepeat visual object trials (go trials), the controls and perirhinal-, lateral entorhinal-, and medial entorhinal cortexlesioned rats exhibited similar latencies in displacing the object. During the presurgery condition, the mean latency in the control and perirhinal, lateral entorhinal, and medial entorhinal cortex groups was 2.05, 1.87, 2.41, and 2.23 sec, respectively. For the first postsurgery condition, the mean latency for the go trials was 2.10 sec for controls and 1.47 sec for the perirhinal-, 2.03 sec for the lateral entorhinal-, and 2.48 sec for the medial entorhinal cortex-lesioned groups. For the second postsurgery condition, the mean latency for the go trials was 2.17 sec for controls 
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www.learnmem.org and 1.30 sec for the perirhinal-, 1.69 sec for the lateral entorhinal-, and 1.84 sec for the medial entorhinal cortexlesioned groups. The groups did not differ significantly from each other in the latency to displace an object during go trials for either the pre-or postsurgery conditions. A three-way group by pre-vs. postsurgery by lag repeated measures ANOVA was then performed. The analysis revealed a significant effect of pre-vs. postsurgery (F[2,46] = 4.59, P < 0.015), a group by pre-vs. postsurgery interaction that reaches significance (F[6,46] = 1.95, P < 0.09), a significant effect of lag (F[4,92] = 59.6, P < 0.0001), and a significant lag by pre-vs. postsurgery interaction (F[8,184] = 2.42, P < 0.017). Further analysis of the group by pre-and postsurgery interaction using a Duncan range paired comparison test revealed that there were no significant differences among the three groups presurgically. Furthermore, in the first and second postsurgical tests, the perirhinal cortex-lesioned group performed significantly different than it had on its presurgical tests (P < 0.05) and significantly different from the postsurgical performance of the control group (P < 0.05), whereas the lateral entorhinal cortex-or medial entorhinal cortex-lesioned group did not perform significantly different than it had on its presurgical test or significantly different from the postsurgical performance of the control group. Finally, Duncan range tests on the lag effect revealed that the 0 and 1 lag were significantly different from the 2, 3, and 4 lags (P < 0.05), suggesting that overall there was a reliable forgetting function across lag.
A separate repeated measures ANOVA with control and perirhinal groups as the between factor and pre-and postsurgical sessions and lag as the within factors revealed a significant pre-and postsurgery effect (F[df 2,34] = 7.02, P < 0.0028), a significant lag effect (F[df 4,68] = 42.1, P < 0.0001), and a significant interaction between lesion group and pre-and postsurgery (F<[df 2,34] = 5.95, P < 0.0061). A further analysis (Duncan range) of the group by pre-postsurgery interaction effect revealed that for the control group, there were no significant pre-vs. postsurgery effects, but for the perirhinal group, performance was impaired for the first and second postsurgery condition compared with that of the presurgery condition (P < 0.01). The perirhinal cortex-lesioned group performed significantly different from the control group for the first and second second postsurgery test (P < 0.05). Histological analysis revealed that half the subjects in the perirhinal cortex group had some TE2 damage. On the basis of t tests, the subjects with or without TE2 damage did not differ significantly from each other. Similarly, added damage to the parietal cortex did not exacerbate the perirhinal cortex impairment. A correlation between a ratio measure of performance that takes into account presurgery-level performance (the average across lags presurgery latency difference minus the average across lags postsurgery latency difference divided by the presurgery score) and percentage of damage to the postrhinal cortex resulted in r = 0.50, P < 0.2, which, however, did not reach significance (see Table 1 ). A correlation between behavioral performance and percentage of damage to the anterior perirhinal cortex resulted in r = 0.15, P < 0.7, which clearly was not significant. Dividing the perirhinal cortex-lesioned subjects into small and large postrhinal cortex-lesioned groups did not result in a significant postrhinal cortex lesion effect.
Successive Discrimination
On the basis of the criterion of reaching at least a 4-sec latency difference between the positive and negative stimulus and at least a 6-sec latency to respond to the negative stimulus on three consecutive days of 10 trial blocks, the control group averaged 223 trials and the perirhinal group averaged 210 trials. The difference between the two groups was not significant. Clearly, the perirhinal cortex-lesioned groups learned the successive discrimination as well as the controls had, and the perirhinal-lesioned animals were able to inhibit responding to the negative stimulus.
DISCUSSION
The results indicate that the perirhinal cortex lesions produced a profound impairment in continuous recognition memory for object information. These data are consistent with the results of Aggleton et al. (1997) , Barnes et al. (2000) , Ennaceur et al. (1996) , and Mumby and Pinel (1994) , who described similar deficits in rats by using somewhat different procedures to assess recognition memory for object information. The results are also consistent with the findings of perirhinal cortex-induced recognition memory deficits in monkeys (Gaffan and Murray 1992; Meunier et al. 1993; Suzuki et al. 1993; Buffalo et al. 1999) . The deficits cannot be the result of perceptual problems in that the perirhinal cortex-lesioned animals had no difficulty acquiring a successive object discrimination. The deficits also can- Percentage damage to entorirhinal cortex, anterior perirhinal cortex, and posterior perirhinal cortex (postrhinal cortex), and performance on the continuous-recognition memory task for rats with lateral entorhinal cortex lesions. *The higher the score, the worse the performance.
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www.learnmem.org not be due to a problem with response inhibition, given that the lesioned rats displayed excellent inhibition in the successive object discrimination task. The same pattern of intact visual discrimination with impaired visual object recognition has been reported for both rats and monkeys (Aggleton et al. 1997; Buckley et al. 1997) . The results are also consistent with the observation that single cells in the perirhinal cortex respond differentially to familiar versus novel stimuli in rats and monkeys, even though the animals were not required to remember the repetition (Zhu et al. 1995; Brown 1996) . In the present study, there were no deficits after medial entorhinal cortex lesions, suggesting that perhaps the medial entorhinal cortex does not participate in short-term or working memory for visual object information. In contrast, for the lateral entorhinal cortex-lesioned group, there appeared to be some reduction in performance on the first postsurgery session relative to the presurgery session and relative to the first postsurgery session of the control group. Although not statistically significant, this could have been the result of small damage to the perirhinal cortex. Furthermore, there was almost complete recovery of function on the second postsurgery session. This lack of a permanent deficit after lateral entorhinal cortex lesions is consistent with a similar lack of effect using a nonmatching-to-sample task for visual object information in monkeys (Leonard et al. 1995) . There is, however, a possibility that the medial and lateral entorhinal cortex operate together in contributing to short-term or working memory for visual object information. Other data suggest that the entorhinal cortex is very important for spatial and odor short-term memory (Barnes 1988; Otto and Eichenbaum 1992; Hunt et al. 1994; Liu and Bilkey 1998) .
With respect to the neural circuit that might support visual object recognition in the rat, two additional neural regions, namely, the medial extrastriate cortex and the pre-and infralimbic cortex, which have reciprocal connections with the perirhinal cortex (Burwell et al. 1995; Conde et al. 1995; Witter et al. 1989) , have thus far been identified. In different studies it has been shown that the medial extrastriate visual cortex or pre-and infralimbic cortex lesions in the rat impair short-term memory for visual object information, suggesting that these neural regions may be part of a neural circuit that mediates memory for visual object information and thus play an important role in visual object recognition memory (Kesner et al. , 1996 .
In summary, using a continuous recognition memory procedure to measure short-term memory for visual objects, it has been shown that the perirhinal cortex, but not medial entorhinal and lateral entorhinal cortex, plays an important role in supporting short-term memory for visual object information in the rat. These findings parallel similar results obtained with perirrhinal or entorhinal cortex lesions in monkeys. 
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MATERIALS AND METHODS
Subjects
The subjects were 27 male Long-Evans rats, weighing between 275 and 325 g. The rats were initially deprived to and maintained at 80% of their ad lib weight and allowed continuous access to water in their home cage; thereafter, their weights were increased by ∼5% every 4-6 weeks. Each rat was housed individually in a laboratory with a 14-h-light/10-h-dark cycle, and all testing occurred during the light cycle.
Apparatus
The apparatus consisted of a Percent damage to perirhinal cortex, anterior perirhinal cortex, and posterior perirhinal cortex (postrhinal cortex) and performance on the continuous recognition memory task for rats with medial entorhinal cortex lesions. *The higher the score, the worse the performance.
tended across one side of the table to block the animals' view of the experimenter and the room, and the opposite side of the table was against the wall. The table was located in a small room with one door, one worktable, and bookshelves containing the stimulus objects. The stimuli for this experiment were three-dimensional objects in various shapes, sizes, textures, and brightness. There were 120 stimuli in all, composed primarily of small toys and junk objects.
Continuous Recognition Memory
The methods used were adapted from Jackson-Smith et al. (1993) . As in that study, the rats were habituated to the table with the door raised for 2 days. Pretraining then consisted of placing the rat at one end of the table with the door closed, raising the door, and allowing the rat to approach and move an object placed on the center food well with a whole piece of Froot Loop cereal underneath it. Once the animal was on the same side of the table as the stimulus, the door was lowered, and the next stimulus was set up on the other side of the table. When the rat had finished eating the Froot Loop cereal reinforcement, the stimulus associated with that reinforcement was removed from the table and an intertrial interval (ITI) of 10 sec elapsed. At the end of the ITI, the door was rattled to attract the rat's attention, and when the rat moved to the door, it was opened. During early pretraining, the object only partially covered the food well, but as the rat learned to move the stimulus and look for reinforcement under it, the object was gradually placed completely over the food well. The stimuli used in pretraining were not in the set of 120 objects used for the task, and there was a maximum of four reinforced trials per day. The total number of pretraining sessions ranged from 8 to 12.
The training procedure was similar to the procedure used in pretraining: the rat was placed on the right side of the table; one stimulus was placed on the center food well on the left side of the table with one-half of a piece of Froot Loop cereal under it; a ready signal was given (rattling the door); and as soon as the rat had oriented to the door, it was raised. The amount of time that elapsed between opening the door and moving the object was measured. If the rat did not move the object within 10 sec on a repeated-stimulus trial, the object was removed and the ITI began. The door was lowered as soon as the rat had moved to the opposite side, and when the rat had finished eating the cereal, or ∼6 sec after the object had been moved on nonreinforced trials, the stimulus object was removed from the table. An ITI of 10 sec occurred once the object had been removed, and the next trial was as described except that the stimulus was placed on the opposite side of the table. Placement of the objects alternated from side to side on the table as the trials progressed, but the number of repeated stimulus presentations per side was counterbalanced across a block of 16 sessions. If an object had been presented previously during the current session, the second presentation did not contain reinforcement. The maximum time allowed to move the stimulus on repeated object trials was 10 sec, but a session was terminated if a rat did not move an object and eat the reinforcement within 3 min on nonrepeated trials.
All rats ran one session per day, five days a week. Each session involved sequential presentation of eight unique objects, and four repeated objects (chosen from the eight). For every object there were two identical copies, so that a new copy was presented during a repetition to avoid the potential use of odor cues. Repeated objects had lags ranging from 0 to 4. For each session within a block of 16 sessions, eight new objects were randomly chosen from the set of 120 and quasirandomly presented. No object was presented within five sessions of itself, and each object served as a repeated presentation once every 30 sessions. A different lag was assigned an object each time it served as a repeated stimulus. Each block of 16 sessions contained 12 trials at each of the five lags. If rats demonstrated significantly longer latencies to move the object on repeated trials than on nonrepeated trials using a t test at the zero lag, and at least one other lag, for the last block of 16 sessions, then surgery was performed. All rats were allowed 7-10 days to recover from surgery, after which they were retested for two blocks of 16 sessions.
Surgery
Surgery was performed under aseptic conditions. Rats were given atropine sulfate (0.2 mg/kg ip) as a prophylactic and anesthetized with Nembutal (50 mg/kg ip sodium pentobarbital) before surgery. Animals in all four groups were incised along the midline, and the periosteal fascia was scraped to the side. The control group (n = 11) was then sutured and placed on a heating pad to recover. For the medial entorhinal cortex (n = 4) and lateral entorhinal cortex (n = 4) lesion groups, the bone dorsal to the entorhinal cortex was removed by a dental burr. The lesion groups then received bilateral electrolytic lesions with a stainless steel electrode (0.35 mm in diameter) insulated with Epoxylite except for ∼0.50 to 0.75 mm at the tip. The two lesion coordinates for the medial entorhinal cortex lesion, with the head level, were 6.8 mm posterior to bregma, 4.5 mm lateral to midline, 5.0 mm below dura, and 7.9 mm posterior to bregma, 4.5 mm lateral to midline, 5.0 mm below dura. For the medial entorhinal cortex lesions, the more anterior placement was lesioned with a 1.0 mÅ anodal current for 15 sec, and the more posterior placement was lesioned with a 1.2 mA anodal current for 15 sec. The two lesion coordinates for the lateral entorhinal cortex lesion, with the head level, were 7.9 mm posterior to bregma, 6.7 mm lateral to midline, 4.5 mm below dura, and 6.3 mm posterior to bregma, 6.2 mm lateral to midline, 6.0 mm below dura. For the lateral entorhinal cortex lesions, the more posterior placement was lesioned with a 1.2 mA anodal current for 9 sec, and the more anterior placement was lesioned with a 1.2 mA anodal current for 12 sec. For the perirhinal cortex group (n = 8), the bone overlying the rhinal sulcus was removed, and the perirhinal cortex (posterior bregma 8.0 to posterior bregma 3.5) was removed using aspiration.
Successive Discrimination
After completion of 32 sessions of the continuous recognition memory task following surgery, animals within the control and perirhinal lesion groups were tested for the acquisition of a successive object discrimination task. This discrimination task was designed to assess whether possible lesion effects on the continuous recognition task could be the result of a perceptual problem in processing visual object information or the result of an inability to withhold responding. In this task, one novel toy object was designated as positive and resulted in reinforcement of a half a piece of Froot Loop, whereas the other novel toy object was designated as negative and did not result in reinforcement. The reinforcementnonreinforcement contingencies were counterbalanced across subjects. The training procedure was similar to the procedure used in the continuous recognition memory task. The rat was placed on the right side of the table, one stimulus was placed on the center food well on the left side of the table with one-half of a piece of Froot Loop cereal under it, a ready signal was given (rattling the door),
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www.learnmem.org and as soon as the rat had oriented to the door, it was raised. The amount of time that elapsed between the opening of the door and the moving of the object was measured. If the rat did not move the object within 10 sec on a nonreinforced trial, the object was removed and the ITI began. The door was lowered as soon as the rat had moved to the opposite side, and when the rat had finished eating the cereal, or ∼6 sec after the object had been moved on nonreinforced trials, the stimulus object was removed from the table. An ITI of 10 sec occurred once the object had been removed, and the next trial was as described except that the stimulus was placed on the opposite side of the table. Placement of the objects alternated from side to side on the table as the trials progressed. Each rat received 10 trials/d (five positive and five negative) for 30 d.
Histology
At the end of all testing, the lesioned animals were deeply anesthetized with 1 or 1.5 mL of sodium pentobarbital and perfused with 10% formalin in isotonic saline. The brains were frozen and cut horizontally using 24-micron sections through the region of the entorhinal cortex or cut coronally through the perirhinal cortex. Every fourth section was mounted on glass slides and stained with cresyl violet to examine the extent of the lesion.
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